[1] We present a new method of combining satellite altimetry and tide gauge data to obtain improved estimates of absolute (or geocentric) vertical crustal motion at tide gauges within a semi-enclosed sea. As an illustration, we combine TOPEX/POSEIDON altimetry data (1992 -2001) and 25 long-term (>40 years) tide gauge records around the Baltic Sea region of Fennoscandia, an area where crustal deformation is dominated by glacial isostatic adjustment (GIA). A comparison of the estimated vertical motion, at 1 -11 mm/yr, with independent solutions from 10 collocated BIFROST GPS sites, shows a difference of 0.2 ± 0.9 mm/yr, thus verifying the accuracy and robustness of the procedure. The solution uncertainty is estimated at 0.4 mm/yr, which is significantly lower than previous analyses of this type. We conclude that our technique can potentially provide accurate vertical motion observations globally where long-term tide gauge records exist.
Introduction
[2] Tide gauge records constrain relative sea level change, which is the variation in the position of the sea surface relative to the solid Earth. However, while long-term tide gauge records provide the only means for directly estimating relative sea level change over the 20th century [Douglas, 2001] , these estimates reflect the combined effect of all geophysical processes that perturb the positions of the land and sea surface. These processes include oceanic thermal expansion, volume changes in ice reservoirs, glacial isostatic adjustment (GIA), tectonic motion, and anthropogenic effects such as subsidence due to water usage, mining or oil drilling.
[3] The sensitivity of the tide gauge sea level data to the vertical motion of the benchmarks to which tide gauges are referenced suggests that, if sea level is known, it might be possible to estimate rates of the vertical motion at the benchmarks. This would be particularly true in regions where the vertical motion dominates relative sea level change or where constraints on the latter may be directly related. Traditional techniques to measure relative vertical motion include the use of strandlines, precise leveling, and tide gauge data. Recent studies include determination of crustal uplifts in Finland using 70 years of leveling data [Makinen and Saaranen, 1998 ]; estimation of relative vertical crustal motion (referenced to a chosen tide gauge benchmark) around the Great Lakes using water level gauge data [Mainville and Craymer, 2003] , and vertical uplifts in Alaska due to GIA, tectonic and postseismic effects [Larsen et al., 2003] .
[4] Absolute vertical motion is defined here as the geocentric motion, which is with respect to the Earth's center of mass within a well-defined terrestrial reference frame. Modern space geodetic instruments including GPS, SLR, VLBI and DORIS are capable of measuring absolute vertical motion. GPS surveys of shorter duration (<10 years) have been used to constrain vertical crustal motion [Sanli and Blewitt, 2001] , most notable being the BIFROST GPS Project [Johansson et al., 2002] . Cazenave et al. [1999] and Lin [2000] have estimated land motion using DORIS and reported a strong correlation between some of the observed DORIS motions and the difference between TOPEX/ POSEIDON (henceforth, T/P) and tide gauge (collocated with DORIS) sea level observations.
[5] An attempt to determine absolute (or geocentric) vertical crustal motion by combining altimeter measured sea level and selected tide gauge records of relative sea level change indicated uncertainties in excess of 1 mm/yr [Lin, 2000] . A more recent study combining 114 tide gauge records and T/P altimeter data shows that the accuracies of the estimated vertical crustal motion solution are 1-2 mm/yr for 60 of the 114 tide gauge sites [Nerem and Mitchum, 2002] . While these studies confirmed the potential of the general approach of constraining vertical motion, they also found that the relatively short time span of altimeter data ($1 decade) is the primary limitation affecting the solution accuracy.
[6] In this paper we report a new method of combining long-term (>40 years) tide gauge records with satellite altimetry (T/P) measurements (10 years) of geocentric sea level change using a novel network adjustment approach. This method can provide accurate constraints of absolute GEOPHYSICAL RESEARCH LETTERS, VOL. 31, L01608, doi:10.1029 /2003GL019106, 2004 Copyright 2004 by the American Geophysical Union. 0094-8276/04/2003GL019106$05.00 vertical motion around large lakes or semi-enclosed seas. The concept has been tested in the Great Lakes region [Shum et al., 2002] . In the first application of the new technique to the ocean area, we estimate the vertical motion of tide gauges in the Baltic Sea region of Fennoscandia. This area has several advantages to illustrate the technique. First, the tide gauge records in this region are amongst the highest quality and longest records in the global database [Ekman, 1988] . Second, the vertical motion in the region is dominated by GIA [Milne et al., 2001] , and thus their interpretation is straightforward. Finally, the robustness of our procedure can be checked by comparing our estimates with rates determined from the BIFROST GPS network [Johansson et al., 2002] , for sites that are nearly collocated with the tide gauges. With this robustness established, the power of the technique is that it could potentially provide estimates of absolute vertical motion wherever a network of long-term tide gauge records exists.
Data Analysis
[7] In this study, T/P altimetry data from JPL's Physical Oceanography Distributed Active Archive Center (PO.DAAC) are used. Specifically, we adopt the Generation B Merged T/P Geophysical Data Record (MGDR-B). In addition to the usual media, geophysical and instrument corrections [Benada, 1997] , improved corrections including radiometer drift, Wallops corrections, and sea state bias are applied. The data are processed in the form of a stacked file of sea level variations for efficient access. Inverted barometric corrections are applied to neither tide gauge data nor altimetry data. T/P ground tracks showing data coverage in the Baltic Sea are depicted in Figure 1 .
[8] Monthly averaged Revised Local Reference (RLR) tide gauge data for 25 stations around the Baltic Sea ( Figure 1 ) from Proudman Oceanographic Laboratory's Permanent Service for Mean Sea Level (PSMSL) are used in the study. The latest record in this database ends in 2001. The records with the longest time span extend from 1811-1999, however, all records we used exceed 40 years. The RLR is defined to be approximately 7000 mm below mean sea level at each station.
Vertical Motion Adjustment Algorithm
[9] The relationship between the rates of relative sea level change _ S(l, j) and absolute (or geocentric) vertical motion, _ u(l, j), can be written as:
where _ g(l, j) is the rate of absolute sea level change, j is colatitude, l is longitude, and the Á superscript denotes time differentiation. The quantities _ u(l, j) and _ g(l, j) are measured relative to the Earth's center of mass. We assume altimetry provide _ g(l, j), while tide gauge records yield _ S(l, j). There is an inherent assumption that the drifts associated with both instruments (tide gauge and altimeter), which are inseparable from _ u(l, j), are small and negligible.
[10] Because of the discrepancies of the spatial (only a few ground tracks close to the tide gauge station, e.g., within a 3°s patial averaging region) and temporal (monthly tide gauge data versus 9.9 day repeat track patterns for T/P) sampling and in order to reduce random noise of data, the absolute sea level change is determined by spatial (over the Baltic Sea) and temporal (monthly) averaging of T/P data. This yields an averaged absolute sea level change in the Baltic Sea. Using equation (1) and a least squares procedure, the averaged absolute vertical motion is determined by fitting the difference of both time series and removing residual seasonal periodicities as well as accommodating data gaps in tide gauge records. So far, this approach is similar to other contemporary studies [Lin, 2000; Nerem and Mitchum, 2002] , and it is noted that only tide gauge data during the altimetry time span is used, historic gauge data, even if available, cannot be considered in the present algorithm.
[11] To improve the algorithm, we introduce the following to link relative vertical motion among all the tide gauges:
where i and j are indices of a pair of tide gauges. In this study, we assume that _ g i (l i , j i ) and g j (l j , j j ) are identical, i.e., the geocentric sea level variations at both tide gauges can be eliminated in (2). Further, we impose the criterion that the correlation between _ u i (l i , j i ), and _ u j (l j , j j ) is >0.6. In the Baltic Sea region, we find that all 25 tide gauges fulfill the criterion and 85% have correlations >0.8.
[12] The adjustment algorithm to obtain the best estimate of absolute vertical motion of tide gauges in a network can be a straightforward extension of the Gauss-Markov model Figure 1 . Estimates of absolute or geocentric vertical motion (circles) at 25 tide gauge sites in the Baltic Sea derived by combining T/P decadal altimetry and long-term (>40 years) tide gauge data. The observed vertical motion is 1-11 mm/yr with an uncertainty of 0.4 mm/yr (1s). These estimates are compared with 10 collocated BIFROST GPS vertical rates (triangles) [Johansson et al., 2002] . T/P ground tracks are shown on the background of altimeter averaged sea level trend (mm/yr, 1992 -2002) in the Baltic and adjacent seas. Other inland GPS vertical rates (triangles) are also shown.
with stochastic constraints written in a partitioned form [e.g., Koch, 1999] :
where rank [A, K] T = m; m is size of state vector, x; l is the number of constrain equations, z 0 ; n is size of observation vector, y; A is the design matrix; e and e 0 are random errors; K is the design matrix for the constrain equation; s 0 2 is the unknown a priori variance associated with the weight matrices, P and P 0 . The solution of (3) using the Best Linear Unbiased Estimation is:
whereDfxg is the dispersion matrix of the estimate,x. The absolute vertical motion at 25 tide gauges around the Baltic Sea then can be estimated using tide gauge relative vertical motion observations (>40 years) between each pair of gauges (equation 2) and using averaged T/P altimeter and tide gauge data (1992 -2001) over the Baltic Sea as a constraint (equation 1).
Results and Discussions
[13] Absolute vertical motion for each of the 25 Baltic Sea tide gauges are first estimated using equation (1), or the technique similar to the one used by Nerem and Mitchum [2002] . The differences of the time series between averaged T/P data (1992 -2001) within 3°of tide gauge locations and each tide gauge record are fitted in a least squares procedure solving for the vertical motion and parameters associated with annual and semi-annual periodicities. Table A.1 of the auxiliary material 1 shows the vertical motion solutions of the 25 tide gauges (Col. 5), the associated formal uncertainties and correlation coefficients between the individual tide gauge and altimeter observed sea level. The correlation coefficients are between 0.87 and 0.98, indicating excellent agreement in observed relative sea level change by both instruments. The uncertainties of 1.5 -8.3 mm/yr, with an average of 4.6 mm/yr, are consistent with Nerem and Mitchum [2002] . The averaged absolute vertical motion observation computed in the Baltic Sea region using T/P and tide gauge data (1992 -2001) is 6.7 ± 1.4 mm/yr, which is used as a constraint (z 0 in equation 3) in the improved algorithm.
[14] We next use the Gauss-Markov adjustment algorithm (Equations 3 and 4) to solve for the vertical motion at the Baltic Sea tide gauge locations. P 0 is set to 1/s v1 2 , where s v1 is the standard deviation of the averaged absolute vertical motion (1.4 mm/yr), and z 0 = 6.7 mm/yr. P is set to 1/(s v2 2 + s v3
2 ), where s v2 is the standard deviation of the computed relative vertical motion between each pair of the 25 tide gauges (equation 2) and s v3 is the a priori error in the computed relative vertical motion. The choice of s v3 is directly related to the uncertainty of sea level determination using tide gauges, e.g., Douglas [2001] reported global sea level rise is 1.8 mm/yr with an uncertainty of 0.4 mm/yr. Here, we adopt s v3 = 0.5 mm/yr. The choice of s v3 (0.3 -0.6 mm/yr) produces negligible change in the solutions (equation 4).
[15] We first apply the adjustment algorithm using altimetry and tide gauges data only during 1992 -2001. The vertical motion solutions and the associated uncertainties (Equations 4 and 5) are shown in Table A .1 (Col. 6) of the auxiliary material 1 . The uncertainty of the solutions as a result of the adjustment has been reduced significantly from 4.6 mm/yr (Col. 5, Table A.1, e.g., by Lin [2000] ; Nerem and Mitchum [2002] ) to 1.3 mm/yr. The solutions also changed drastically with differences up to 10 mm/yr (Cols. 5 and 6).
[16] Finally, we applied the new method using monthly tide gauge records ($1950 -2001, >40 years) and T/P geocentric sea level data (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) , to solve for the absolute vertical motion. The final solution has a range of 1-12 mm/yr, with an averaged uncertainty estimated at 0.4 mm/yr (1s, Col. 7, Table A.1, auxiliary material 1 ).
[17] Figure 1 shows the estimated vertical motion (circles) at the 25 tide gauge stations around the Baltic Sea and a comparison with observed rates (triangles) by 10 BIFROST GPS sites [Johansson et al., 2002] collocated with tide gauges. Nominal T/P ground tracks are shown on the background of altimeter averaged sea level trend (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) in the Baltic and adjacent seas. Our estimates of vertical motion, when compared with 10 GPS rates, have a difference of 0.2 ± 0.9 mm/yr, indicating excellent agreement (Figure 2 ). The differences are probably caused by instrument errors (tide gauge, altimetry, and GPS), and that some of the gauges and GPS sites may not be exactly collocated. The small mean difference provides a validation of both techniques (GPS and this study) and places bounds on the instrument stability.
[18] Vertical crustal motion in Fennoscandia is dominated by GIA [Milne et al., 2001] . It is known that the deglaci- ation of the Fennoscandian ice sheet from the last glacial maximum ($21 kyrs BP) to about 9 kyrs BP, and the ocean load associated with the global deglaciation phase, are reflected in ongoing vertical motion which peaks at $11 mm/yr in the Gulf of Bothnia and trends toward zero at the periphery of the former ice sheet. This pattern is clearly evident in the geographic variations of the estimated vertical motion (Figure 1) .
[19] The dominance of GIA in the region has made it possible to constrain models of the GIA process through comparisons of observations with forward predictions. As an example, Milne et al. [2001] have derived bounds on various Earth model parameters on the basis of a comparison of numerical predictions of GIA with BIFROST GPS estimates of 3-D crustal motion. One model which fits within these constraints is characterized by a lithospheric thickness of 120 km, an upper mantle viscosity of 5 Â 10 20 Pa s, and a lower mantle viscosity of 5 Â 10 21 Pa s, where the boundary between the latter two regions is at 670 km depth. We have computed vertical motions using this Earth model, together with the ice history adopted by Milne et al. [2001] , and compared these predictions with the 25 estimates of vertical motion obtained in this study. The mean of difference is 1.4 mm/yr. In contrast, the mean of difference comparing the ICE4G combination of ice history and Earth model [Peltier, 2002] and the vertical motion solutions is 3.4 mm/yr. These values indicate that the residuals between model predictions and our estimates of vertical motion are larger than the differences between the two sets of observations (this study and GPS rates, Figure 1) . Further, the sensitivity of the difference to changes in the numerical model of GIA suggests that the technique described herein has the potential to contribute constraints on such models (whether in Fennoscandia or elsewhere).
Conclusions
[20] We have presented a new method of estimating absolute vertical motion using both satellite altimetry and tide gauge data in a semi-enclosed sea. The technique is applied to Fennoscandia using 25 tide gauges and T/P altimetry over the Baltic Sea. The estimated absolute vertical motions have an uncertainty of 0.4 mm/yr (1s), which is significantly smaller than the traditional approach at 1 -2 mm/yr [e.g., Nerem and Mitchum, 2002] . The improved accuracy is primarily due to a novel adjustment technique, which optimally combines short-term altimetry (10 years) and long-term (>40 years) tide gauge records in a network adjustment. Comparison of our estimates with constraints provided by 10 collocated BIFROST GPS sites yields a difference of 0.2 ± 0.9 mm/yr. The excellent agreement between the two independent solutions verifies the accuracy and robustness of our (and the GPS) techniques. Comparisons of 25 estimates with predictions generated from numerical models of the GIA process yields larger discrepancies.
[21] At present, the developed technique is best applied to tide gauge records within semi-enclosed seas or lakes because we assume that lake or sea level change at tide gauges over a long time span is the same in order to compute relative vertical motion between the gauges. The technique could potentially be extended to improve absolute vertical motion estimates for open ocean tide gauges; however, it would require an extension of the current adjustment technique by introducing models of absolute sea level change as well as non-secular vertical motion. Finally, lengthening of the time span of altimeter records would improve the accuracy of the absolute vertical motion estimates. Extension of the T/P data span using JASON and linking with GEOSAT (1984 GEOSAT ( -1990 would provide an avenue for this improvement.
